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SUMKARY

In order to provide a basis for judging the relative
importance of wing fallure by fatigue and by single
intense gusts, an analysis of wing life for normal
crulsing flight was made based on data on the frequency
of atmospherlc gusts. The independent variables con-
sidered in the analysis included stress-concentration
factor, stress-load relation, wing loading, design and
crulsing speeds, deslgn gust veloclty, and alrplane aize.
Several methods for estimating fatigue 1life from gust
frequenclies are discussed. The procedure selected for
tlhie analysis 1s belleved to be simple and reasonably
accurate, though slightly conservative.

The results of the analysis indicate that, in gen-
eral, the fatigue life and single-gust 1ife of an air-
plane wing are of about equal lmportance for conventional
designs and normal operating condlitions. The fatigue
11fe appears to be influenced mainly by the detall design
and construction and not greatly by normal changes in
overating speed or by moderate changes 1n the deslgn gust
velocity. Single-gust life, however, 1s not appreclably
affected by the detall design and construction but 1sa
markedly affected by operating speed and by changes in
design gust veloclty. The trends 1n design toward higher
wing loading, reduced load factor, larger size, and
increased speed appear to have a small effect on both
fatigue 1life and single-gust llife.

INTRODUCTION

Considerable interest has recently developed in this
country concerning the fatigue 1life expectancy of the
primary structure of an airplane. The trends in alrplane



2 . NACA ARR No. L5F27a

deslgn toward higher speed, higher wing loading, and
larger size have been cited as 1ndications that fatigue
troubles and reduced 1life are becoming of 1lncreasing
importance. Avallable llterature does not show very
clearly, however, whether fatigue 1life 1s important.
Authentlc cases of fatigue fallure of the primary struc-
ture have not been clted. PFurthermore, no evidence has
been presented for assuming that design trends shorten
fatigue life. The obscurity of this subjJect 1s partly
the result of the absence of statistical data on the
repeated loads or stresses to which alrplane structures
may be subjected in service operations and the consequent
absence of analytical treatments of the problem.

In order to estimate the relative importance of
fatigue in the primary structure, an analyslis 1s made
herein of the effects of a number of varliables on the
fatigue 1ife of ailrplane wing structures subjJected to the
numerous gusts encountered in normal transport flight
operations. For this purpose, the statlstlcal gust data
of reference 1 have been utilized. The values of fatlgue
life thus obtained are compared with the 1life expectancy
based on the probabllity of encountering single gusts of
excesslive magnitude.

In most of the cases analyzed, it is assumed that
the wing 1s designed to wlthstand a static load corre-
sponding to the load imposed by a gust having a veloclty
of 30 feet per second at design level-flight speed. For
this condltlion the effects of stress-concentration factor,
fatigue properties of the structural materlal, design
speed, design wing loading, and stress-load relation were
determined. The effects of variatlion of the design load
condition are also determined and the effect of airplane
slze 1s conslidered.

METHOD OF ANALYSIS
Single-Gust Life

As polnted out in reference 1, "Iife expectancy 1s
governed not only by fatigue but also by the probablillty
of occurrence of single quasl-static loads of such high
magnitude as might endanger the structure directly." The
probable l1life, as governed by tkhe action of a single
excesslve gust, may be termed the "single-gust 1life" and
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1s taken herein as the number of miles required, on the
average, to encounter a gust sufficlently strong to induce
a stress equal to or exceeding the yleld-point stress.
Since lncreased airspeed reduces the gust intensity
required to develop any glven stress, for a given alrplane
the frequency of occurrence of the critical.stress will
increase with increasing airspeed and hence the single-
gust life will depend upon the actual operating speed.

Fatigue Iife

The problem of determining the fatigue 1life of an
alrcraft structural member subjected to the randomly
varying loads caused by atmospheric turbulence may be
discussed 1n three phases: the interpretation of availla-
ble gust-frequency data for fatigue studles, the deter-
mination of the fatigue 1life of a materlal under random
stress variatlons, and the conslderation of the effect of
stress concentrations in structural members. As various
methods of soclving each of these three components of the
problem are avallable, several methods are discussed
briefly and a procedure 1s chosen as a basis for this
analysis. Although the procedure selectedigives reasona-
ble values of life expectancy, the present status of
knowledge concerulng every part of this problem and the
problem as a whole 1s such that rellance should be placed
only on the trends and general implicgations of the
results, not on the absolute magnlitudes of fatigue 1life.

Interpretation of gust data.- The determination of
the stress assoclated with a glven effective gust veloclty
for the usual assumptions of static loading and uniform
distribution of gust veloclty along the span is a well-
known process. In splte of thelr limlitatlons, these
assumptions appear to give reasonebly accurate results.
(See reference 1l.) Tn the present analysls the usual
agssumptions are therefore retalned and the gust inten-
sltles are converted to stress intensitlies by using the
simple gust formula (equation (1) of reference 1).

Fatigue ansalysis requires the determination of the
stresses assoclated not with a single gust but with many
gusts of various magnitudes. Data on the frequency of
occurrence of gusts of varlious magnitudes are presented
in reference l. As shown there, the frequency distri-
bution may be represented by the summation curve of the
relative-~frequency dlstribution; such a summation curve
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1s reproduced as figure 1 {curve A of fig. 7, reference 1).
This curve, together witn the data on total number of
gusts per mile of operation given in reference 1, provides
a basls for the determination of the number of stress
cycles per mlle of operation.

A simple and common way of interpreting gust-frequency
data for fatigue studles is to group the gusts in pairs
of equal magnitudes having opposite slgns for conversion
to stress cycles about a constant mean stress corresponding
to the 1g load on the alrplane structure. Unpublished
results l1ndlicate that, actually, only about two-thirds of
the gusts are grouped in this manner and the other third
are not. A more nearly correct representation of the
other one-third of the data would be effected 1f the num-
ber of cycles for this third were doubled and the range
of stress reduced to one-half of the range 1n the simpler
representation. The more refined interpretation would
also change the mean stress from the values corresponding
to 1g to a set of values dependent unon the stress ampli-
tudes. Examinatlion of fatigue data indlcates that the
net effect of the changes introduced by the closer
aporoximation of the gust data 1s to increase the estl-
mated fatigue life, primarily because of the great effect
of the reduction of stress renge. The more common inter-
pretatlion, because it 1s somewhat more conservatlve as
well as simpler, has been chosen as a basls for the
present analysls.

Applicetion of fatigue data for materlals.- For
practIcal reasons, fatigue tests ol materials are usually
made 1n such a way that the fatigue 1life for a glven mean
stress 1s found 1n terms of the number of stress cycles
requlred to cause fallure with constant amplitude-of the
stress cycle. The results of such tests indicate, as 1s
well known, that the number of cycles required to cause
fallure decreases as the stress ampllitude or maximum
stress lncreases. The data are usually represented in
the form of S-N curves, an example of which 1s shown in
figure 2. Even 1n the case of simple specimens of
materlal, the scatter of the data 1s so. large that the
determinatlion of the number of cycles. required to cause
failure 1s accurate only within a factor of 2 or 3 and
even greater factors are not at all uncommon.

Fatigue tests in which ths actual nature of stress
fluctuations 1s preclsely represented have not been made,
although a few tests have been made ln which stress
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eamplitude has been changed on single specimens. Although
some general tendencles have been dlisclosed by these
tests, the data are.inadequate. to. provide a basls for the.
prediction of fatigue 1life under the action of random
stress fluctuations. Slince there 1s no known way of
adding the effects of random stresgs fluctuations cor-
rectly, some leveling or averaging method of adding these
effects must be used.

One method, which might be called the linear method,
1s to assume a stralght-~line damaging effect of the cycles
at any stress level. The number of applled cycles at any
level 1s divided by the number of cycles required to cause
failure at that level to obtaln the fractlonal damage
done. The cumulative effect or damage caused by all
stresses 1s tlus the sum of the fractlonal dameges at
each level and, 1f the sum exceeds 1.0, fallure 1s assumed
to have occurred. The baslc concept of thls method seems
reusonable, but a diffliculty arises in making the proper
cholce of stress interval. The use of too large an
Interval wlll give erroneous results whereas too small
an interval will result ln an excessive amount of compu-
tation and a false concept of accuracy. The optimum
sti'ess interval 1s therefore a matter of personal Judgment
and exnerience. Aanother deflclency in the linear method
i1s that it does not account for the effect of stresses
below the endurance limlt. The effects of these lower
stresses may be peneficial and can be taken lnto account
by means of a modiflication suggested by Langer (refer-
ence 2), in which an average fractional damage or repair
1s assigned to each cycle at each level. This procedure
1s cumbersome and requires far more experimental data
than are now &vallable.

Another method of predlecting the fatigue life of a
material, which might be called the lntersect method,
involves the assumption (reference 3) that, for any total
number of cycles or any duration of operation, the mate-
rial 1s safe 1f the summatlon curve of the applied stress
cycles remains below the corresponding S-N curve of the
materlial (fig. 2). In comparling the summation and
3-N curves, 1t 1ls found convenlent to hold the mean stresa
constant. The fatlgue life 1s found when the stress-cycle
summatipn curve, which shifts to the right with increasing
number of miles flown, contacts the corresponding
S-N curve of the material. Tke intersect method involves
the implication elther that the damage line 1s very close
to the S-N curve for the materlal considered or that, in
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the reglon of contact, the net beneficlal effect of the
stress cycles below any level compensates for the damaging
effect of the hlgher stress cycles to such an extent that
all the higher stress cycles can be consldered to occur

at that level. The few appllicable test results (raofer-
ence L) indlcate that this assumption is reasonable.

The linear method glves somewhat shorter life (within
the limits of scatter of fatigue-test results) than the
Intersect method when applled to the stress summation
curve derived from gust-frequency deta. Appllcable
fatigue-test results are too few, however, to permit con-
clusions concerning the relative accuracy of the two
methods. Slince the Ilntersect method has the advantage
of simpliclity, this method is utilized in the analysis.

Stress-concentration factors.- So long as the maximum
stregsses 1n tenslon and comprésslon are below the elastic
limit, any glven stress-concentration factor may be
applied in the customary manner (reference 5). The deter-
mination of the proper stress-concentration factor, how-
evei, presenta some dAlfficulty. 'When stresses above the
elastlc 1limlt are considered, furthermore, the unloading
effact of plastic actlion 1n the reglon of stress concen-
tration reduces the maxlmmum stress below that glven by
the stress-concentration factor.

If the average mean stress in cyclic loading 1s not
zero, the effect of the plastlc action 1s to reduce the
mean stress at the polnt of stress concentration. The
hyvothesls used in this report i1s that the first cycle
which causes plastic actlon results in a lowering of the
mean stress 1n the region of stress concentration but
that the entire stress-concentratlion factor ls still
effective with regard to the range of a cycle in this
region. As an example, 1f a stress-concentration factor
of 3 13 present and the average mean stress in the member
is A, the value of the stress at the polnt of stress
concentration 1s 3A. If the average stress 1s now
increased by B, the stress at the point becomes 3(A + B)
under elastic conditions. If the amount 3B is sufflclent
to cause plastic action, however, the most highly stressed
rortion will unload to a less highly stressed portion and
the maximum stress will be 3(A + B) - A, where A 1s the
amount of unloading. The material at that polnt willl
behave elastlcally when the average-stress lncrement B is
removed; and when the stress at the polnt of maximum
stress concentration decreases. by the corresponding
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amount 3B, the mean stress at the point becomes %A - A.
Subsequently, as long as no average-stress lncrement
exceeding B 1s lmparted to the mémber,” the stress cycles
in the region of maximum stress concentration will be
acting about the lower mean stress 3A - A.

One way of determining the amount of lowering of the
mean stress due to plastic action in the region of stress
concentration would be to make use of the stress-straln
curve of the material and a relaxation method of compu-
tation (references 6 and 7). Such a process would be
tedlious and the result, still in doubt. A simple method
was therefore sought for calculating the stresses in the
plastic region. It is well known that, for moderate
stress concantrations in ductlle materlals, the stress
approaches uniformity at the ultimate strength. This
fact led to Hartmann's assumption (reference 8) that the
stress-concentratiocn factor decreases linearly from the
meximum value at three-fourths the yleld strength to a
value of 1 at the ultimate strength. This assumption may
be used in conjunctlion with the discusslion just glven on
cycllic loading In the plastlc region to predict fatlgue
life, providing the initlal stress-concentration factor
cain be determlned.

When plastic action 1s taken into account, no single
fatigue 1life can be determlined, as can be seen from the
following conslderations. The limlting stress range of
a materlal for any glven number of cycles ordinarily
decreasos slightly with increasing mean stress at the
lower maen stresses; however, the rate of decreasse may
become quite large at higher mean stresses (reference 9).
Thus, slnce the materlal at the point of stress concen-
tration operates at a relatively high mean stress, pro-
vided an 1initial cycle has not caused plastic actlon, the
fatigue 1life 1s slightly low as compared with the 1life
corrsaponding to the lower mean stress. If the initlal - -
cycle has caused plastic actlon in the material, with
resultant reduction of mean stress for subsequent cycles
of lover emplitude, the fatigue 1llfe is somewhat increased
in accordance wlith the reductlon 1n mean stress. In
sumeation, the following assumptlions were used concerning
plastic action: that plastic flow takes place as expressed
by Hartmann's relation, that no plastic flow takes place
subsequent to the first cycle, and that any range of
stress remains constant at the full value of the stress-
concentration factor times the average-stress range.
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Since the fatigue 1life 1s affected by the order in
which the larger stresses occur, the fatigue 1life may be
plotted as a function of the first stress encountered, as
shown 1In figure 3. It 1s assumed for this curve that no
stresas greater than the first 1s experienced. The life
obtained when the first stress encountered 1s high enough
to make the mean stress at the polnt of maximum stress
concentration become zero will be referred to as the
"maximum 1life" (point A in fig. 3). PFrom the maximum
life, the fatigue 1life decreases with decreasing first
stress because of Increasing mean stress in the region of
stress concentration. A reversal in the curve occurs,
however, because of the decreasing stress amplltudes; and
the fatigue l1llfe approaches Infinlty as the stress
decreases. The life at the point of reversal is con-
sldered the minimum- 11fs. Actually, 1f a low first streas
1s subsequently exceeded, the potential life 1s increased
from that glven by the first mean-stress level toward
that of the new mean-stress level. It may be seen that,
for normal gust distributlion, the fatligue life must fall
between these two extremes.

CONDITIONS OF ANALYSIS

Although the analysis 1s restricted to the wing and
takes account of only the stresses induced by atmospheric
gusts, a conslderable number of variebles influence both
the fatigue life and the single-gust 1life. 1In order to
keop the analyslis as simple as possible and at the same
time to bring out the important polnts, those varlables
that affect the fatigue 1llfe and the single-gust 1life in
the same ratio are held constant. For example, the slze
and the geometrical configuration of the airplane have
been found to affect the two lives equally; the analysls
1s therefore presented for only one slze and one con-
figuration, although the influence of these varlables on
the lives willl be evident later. The analysls 1s mostly
for only one structural materlal because, although the
effect of change of materlal 1s not negligible, the
influence of other varlables 1s relatively unaffected by
the materlal chosen. A check is given, however, for a
second material. Although gust frequency 1ls actually
varlable (reference 1), it 1s assumed to be constant
because the 1nfluence of changes in gust frequency can be
easlly evaluated without specific treatment 1n the
eanalysls. Varlables speciflically treated include

ﬁ
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structural detail - such as stress concentration and
_____ design speed, design wing loading,
and basic design criterions. ' R '

.Constant Factors

Alrplane slze and configuration.- The alrplane size
and conflguration selected Tor the analysis represent a
Lypothetlcal alrplane having the wing dlmenslions of the
Douglas DC-3. The important factors governed by this
cholce are the mean wing chord, 10.l feet, and the slope
of the wing 1lift curve, 4.8

Materlal of construction.- It was found desirable
to have the 3-N curves of the selected materlal range
from static load condltions to a great number of cycles.
Since the fatligue characterlstics of the common aluminum
alloy 17S-T 1n the region of high stresses and small
numbers of cycles had been investigated 1ln reference 10
and since additional fatigue data of the usual type were
avallable 1n reference 11, 17S-T was used as the basic
material. Another common aluminum alloy, 2,S-T, was
investigated sufficlently to determine the effect of
changing to thlis materlal.

Gust frequency.~ The analysls 1s made for the unit
summatlon curve oI relative gust frequencles (fig. 1).
This summatlon curve 1s the upper limlt of the unit
summation curves of gusts from varlious sources and,
consequently, leads to conservative estimates of both
fatigue life and single-gust 1life. The absolute gust
frequency used in the analysia, 50/¢ gusts per mile, was
based on the data glven in reference 1 and 1s about
average for normal transport operations (c denotes mean
wing chord in ft).

Varlable Factors

Structural details.- Since stress concentrations 1in
such Torms as holes, flllets, grooves, bends, and surface.
blemishes occur in all structures, the variation of
fatigue life with stress-concentratlon factors from 1
to 6 was investigated. Usual stress-concentration factors
for well-deslgned and well-fabricated structures &re
within this range although the higher values are not
precluded. A typical value 1n a structure i1deal except
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for stress concentrations 1ls Z.h, and In some examples
this value 1s used as a constant whlle other quantities
are varlied.

"Nonlinear" loading occurs in structures typlcal of
normal construction when one portion of a structure is
overloadsd because another portion falls to carry 1ts
design share of the load as a result of improper design
or febrication. As the elastlc 1limit 1s exceeded, the
overloaded portlon of the structure may be relieved more
and more, with the result that st the higher loads the
loading ternds to become uniform. Consegquently, although
the fatlgue l1life 1ls greatly affected, the statlc pro-
perties and single-gust life are not materially altered.
In order to determine the magnitude of the effect on
fatigue life, a comparison was made between the 1deal
structure and one in which such overloading was present.
In the structure selected, the overload factor was l/3 up
to the elastic limit, after w¥hich the factor was reduced
linearly to a value of unlity at the yleld point.

Operating condltlons.- Although operating condltions
determine the ratio of Ilight path in rough air to total
flight path and thereby affect the gust frequency per
mlle of operation, the gust frequency per mile is held
constant for reasons previously glven. The actual
operating speed also has an important effect on both the
fatigue 1life and the single-gust 1life; a variation of
this speed in roughest air 1s consldered in the analysls.

VWWhereas the alrplane 1s assumed to be designed
statically to yleld wlth applicatlion of a 30-foot-per-
second gust at deslgn level-flight speed, the alrplane
1s assumed to operate normally at a crulsing speed of 0.8
of the design speed. TInasmuch as good operational prac-
tlce requires a reduction 1n speed below the normal
crulsing value when the alr 1s extremely rough, the
influence of a reduction 1n speed from 0.8 to 0.6 of the
deslgn spoed during stretches of extremely rough alr was
determined.

Design conditions.- It was assumed, in general, that
the alrplane was designed to yleld with applicatlion of
an effertlve gust veloclty of 30 feet per second at
design level-flight speed and that the stress was zero
at zero load factor. The effect of reducing the design
gust veloclty to 25 feet per second was evaluated for one
condition of deslign speed and wing loading. For a design
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for an effective gust veloclity of 30 feet per second, the
effects of variation in wing loading from 10 to 50 pounds
per square foot and variation in design level-flight
speed from 125 to }j25 miles per hour were evaluated.

RESULTS AND DISCUSSION

Effect of Structural Parameters

Stress-concentration factor.- The effect of 1ncreasing
stress-concentration factor on the fatigue life of a wing
structure 1deal except for stress concentrations 1s shown
in figure h. The results are given for two materials,
17S-T and 2}S-T aluminum alloy, and indicate both the
maximum and minimum lives as determined by the most
favorable and the least favorable sequence of gusts. As
is readily apparent, the fatigue 1life decreases rapldly
wlth increasing stress-concentration factor, so that
fairly short life 1s possible wlth moderately high values
of the factor.

The comparison between 17S-T and 2LS-T aluminum
alloys shown in figure L 1s not intended as an analysis
of the effects of different materials on fatigue strength
but was made simply as a check to insure that the cholce
of one 1n preference to the other would not seriously
alter the implications of the general analysis, which has
been carried out only for 17S-T. The difference 1n
fatigue lives for the two materlals 1s not large. Thls
result cannot, of course, be construed to mean that cholce
of materlal generally has no influence on the fatligue
life. The similarity in the results for 17S-T and 2l s-T
materials might have been expected, because the ratio of
the fatigue strength to ultimate strength 1n both
materials is about the same. In other words, the hlgher
strength of 248-T7, which causes increased stress ampli-
tudes for the assumed design conditions, 1s about offset
by an improvement in the fatigue-strength qualitles of
the material. 1In the case of certaln high-strength
alloys, the fatigue l1life may sometimes be adversely
affected for two reasons: a reduction in the ratio of
fatigue strength to ultimate strength and an lncrease
in notch sensitivity.

The stress-concentration factor does not affect the
single-gust 1life, which is shown in figure L for the
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normal crulsing speed of 170 miles per hour and for a
speed reduction to 125 miles per hour in the roughest air.
It 1s well known that moderate stress-concentration fac-
tors do not appreclably affect static strength of ductile
materials because of the locallzed nature of the high
stress and because the plastic flow of material in the
region of stress concentration ceauses more uniform
Glstribution of stress at the higher loads. Since the
single-gust loading condition is a "static" phenomsenon,
as contrasted with a fatlgue phenomenon, the single-gust
life remains constant over a wide range of stress-
concentration factors.

Nonlinear stress-load relation.- The effect of a
typical structnral ImperfectIon resulting from design
or fabrication 1s shown in figure 5, which also shows the
results given in filgure li for 17S-T material. The nature
of the Imperfectlion has been described 1n a previous
section. The conslderable shortening of fatigue 1life
resulting from this imperfection is clearly evident and
corresponds apvroximately to the reduction caused by
multiplying the stress-concentration factor by L/3.

Single-gust 1life 1s vnaffected by the structural
Imverfection because the yleld polnt was assumed to have
been reached with all the materlal active. W1lith some
types of structural imperfection, this assumption would
not apply and the single-gust l1life, as defined on the
basls of yleld-nolnt stress, would be slightly affected.
In no ordinary case, however, would the ultimate statlc
strength of the structure be appreclably affected by the
type of structural lmperfection under consideration;
hence the single-gust 1life may be considered to be
unaffected.

Effect of Operating Conditions

Reductlion of operating speed in roughest alr.- Both
figures [} end , show that the single-gust life is
materlally affected by the operating speed. 1In the case
assumed, the single-gust 1life corresponding to operat%on
at a cruising speed of 170 miles per hour 1s 2.6 x 10
mlles, whereas the life corresponding to reduction of
operating speed to 125 miles peg hour when the roughest
air 1s encountered 1s 1.04 x 105 miles. It should be
noted that the reduced speed need be assumed to apply not
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to the entire operating life but only to the relatively
small part during which the roughest alr 1s encountered.

The reduction of operating speed in the roughest alr
has a negligible effect on the fatigue life, because only
the stresses resulting from the relatively few larger
gusts and from a small number of tnhe smaller gusts have
been diminished. Diminishing the infrequent large
stresses on the summation curve (fig. 2) does not influ-
ence ths number of cycles of the smaller stresses regquired
to cause contact of the summation and S-N curves. When
the large stresses are diminlshed by a reduction of speed,
some of the smaller strssses resulting from the less
severe gusts encountered during the operations in the
roighest alr will also be diminished. The number of less
intense gusts encountered during the short stretches of
the rouzhest alr, however. ls small compared with the
total number of the less Intensre gusts and the fatigue
1ife 1s only very slightly increased by the reduction in
operating spesd. Thlis affect has boen neglected in the
analysls. )

Variations in gust frejuoncy.- As pointsed out in
roaference 1, tlie total frequsucy ol signlificant gusts may
be defined 1n terms of the path ratlo, which is the ratio
of the flight vnath in rough air to the total path of
operations. The value of 50/F gusts per mile chosen for
the present anelysis corresponds to a path ratio of
approxliiately 0.1, which 1s the mean value for a number
of different operating conditions. The data of refer-
ence 1 indicate that the path ratio may vary betwesn
values of 0.006 and 0.2y according to the operating con-
ditions. The fatigue lives shown 1n the results presented
here may therefore be multiplled by appropriate factors
to determine the fatigue lives corresponding to operating
-conditions other than average. Similarly, the path ratlo
has a direct effect on the single-gust 1life,

Effect of Trends in Deslign and Reductlon
of Design Gust Veloclty

Wing loadlng.- Because wing loading has shown a
marked tendency to increase with the development of new
dealgns, there has been some fear that the corresponding
increase 1n the mean-stress level would result 1n
shortening the fatligue life. Ii the design load factor
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1s based on an effective gust veloclity of 30 feet per
second, however, there i1s an offsetting influence in that
the stress emplitudes are reduced for a glven set of gust
Intensi ties.

The net effect on fatigne 1life and single-gust 1life
of change in wing loading whan the design is based on an
effectlve gust veloclty of 30 feet per second 1s shown
In figure 6. The maximum and minlmum fatigue lives are
shown for two values of the stresa-concentration factor,
2.l end 6.0; the single-gust lives are shown for compari-
son. It 1s evident that the net effect on the fatigue
life of increasing the design wing loading is favorable,
although the effect 1s only moderate for the higher
values of stress-concentration factor. This result
indicates that the favorable effect of recduction 1n stress
amplitudes has more than offset the deleterious effect of
the 1ncrease in mean stress. Single-gust life remains.
the same at all values of the wing loading.

Anotrer trend 1n design, which has been cited as
causing a reduction of fatigue 1life, is the trend toward
lower design load factors. Although the effect of reduc-
tlon of load factor has not been eveluated with other
factors remalning constant, 1t may be polnted out that
increasing the wing loadling lowers the load factor when
the deslign 1s based on the gust criterlon. Consequently,
lengthening of fatigue 1life with lncreasing wing loading
actually exlsts notwlthstanding rather maerked reductlion
in the load factor. Flgure 7 shows the yleld-polnt load
factors corresponding to the wing loadings of figure 6.
The load factor decreases from about 5.7 to 2.3 as the
wing losding increases from 10 to 50 pounds per square -
foot. Although the reduction in load factor occurs at
the same time as an increase in the wing loading, 1t
should be borne ln mind that trends 1n various features
of design are concurrent rather than separate; hence the
result shown in figure 6 is probably a failrly accurate
indication of the effect of design wing loadlng on fatigue
life.

Speed.- The effect on fatigue 1life of increasing
the design speed 1is shown in figure 8. The single-gust
1life 1s not appreclably affected by increasing design
speed, because the deslgn 1s assumed to be based on a
gust criterion. Although fatligue life 1s evidently
adversely affected by lncreasing speed, the effect 1is
only moderate. The effect of speed approximately offsets
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the favorable effect produced by increasing the wing
loading, so that, 1f the wing loading and speed are
increased concurrently, not much change 1in fatigue .1ife._
ocecurs.,

The fatigue 1life 1s given in terms of operating
mlles, the important economlc¢ factor, rather thsen 1in
terms of hours of operation. If expressed in hours, the
fatigue life would appear to be more adversely affected
by increasing speed.

Aipg}ane slze.~- Dutua showing that the total frequency
of significant gusts 1s inversely proportional to the

wing chord are glven 1ln reference 1. 1In accordance with
these data, both the single-gust 1ife and the fatigue

life may be expected to increase linearly wlith increasing
wing chord. '

Reductlon of deslgn gust veloclty.- The effect of a
reductlon 1n the deslgn gust veloclty from 30 feet per
serord to 25 feet per second is shown in figure 9. It is
eviaenc that the fatigue l1life 1s not greatly reduced by
thls change but that the single-gust 1life 1s reduced to
about one-elighth of its original value.

Iiffeet of Other Factors

The results of the analysls, although somewhat
limlited In scope and possibly overslimplifiled, provide a
basis for assessing the relative lmportance on alrplane
life of fatlgue and single-gust failures. These results
may be better appralsed by qualitative conslderation of
some influences that have been neglected 1n the analysls.

In flight through turbulent air some dynamic over-
stress may be present, especially near the wing tips.
Stress lncrements due to such dynamlc effects may be
about 10 percent of the stress increments resulting from
static-load application. Such incremental stresses may
be introduced into the fetigue analysls by changling the
load-stress relation in obtalning the stress summation
curve. General conclusions, however, may be drawn by
considering flgure 9. The change in design gust veloclty
from 30 feet per second to 25 feet per second has the
same effect as a ll-percent increment in stresses, if
the slight change 1n mean-~stress level 1s disregarded.
For a l1l0-percent lncrement due to dynamie action,
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therefore, the alngle-gust 1ife would be reduced by a
factor of about l. whereas the fatigue 1ife would be
reduced by a factor less than 2; thus the effect of
dynamlc response on single-gust life l1s more pronounced
than the effect on-Tfatigue 1life.

The inclusion 1n the analysis of stress cycles
resulting from ground operation would, on the other hand,
adversely affect the fatigue 1life to some extent without
affecting the single-gust 1life unless the structure were
damaged in the ground opsrsations. Both fatigue 1life and
single~gust 11fe may therefore be expected to be somewhat
less then the values given in the analysis.

The graduael lncrease in the deslgn allowable stresses
for a material has not been considered in this analysls.
Agaln, however, general conclusions may be drawn from
conslideration of figure 9. The change to & design gust
velocity of 25 feet per second 1s the same as a 1ll-percent
increase in the design allowable strength at a constant
design gust velocity of 30 feet per second. A reduction
of the fatligue 1life by one-half 1s assoclated with this
change. ‘Thus the design allowable stresses used for a
material-have an Important effect on the fatigue 1life of
the structure, and the trend to lncreased design allowable
stresses and more effective utilizai.on of a materlal
will lead to reduced fatigue life.

It has been shown that, on the basis of the assump-
tions made, the fatigue life 1s affected by the order of
stressing, and, if the first stress of a number of cycles
is high, the fatigue 1life is appreclably increased. This
result suggests that beneflcial effects might be had by
prestressing the fabricated structure.

Comparison of Fatligue, Single-Gust, &nd Operating Lives

The absolute values of the fatigue and single-gust
lives arrived at in this analysis may not be regarded as
accurately established, as previously noted. It is of
interest, nevertheless, to compare the values of 1life
expectancy obtained in the analysls with the maximum
oporating lives of oxisting alrplanes. Speciflic data on
thlis subject are not avallable, although some information
indicates that commorclal transport alrplanes operate
regularly as much as 8 hours a day over the period of
their useful lives. If a crulsing speed of 170 miles per
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hour 1s assumed, an alrplane flown 8 hours a day for _

10 years.'would ve an operating 1life of ebout 29,000 hours,
or about 5 x 100 miles.  Occaslional fallures of the over-
load type and fatigue fallures wilith moderate values of
stress-concentration factor may be expected within this
life. : : . -

The fatigue 1ife and single-gust 1life appear to be
of about equal lmportance; the actual life involving .
elther fatigue or direct fallure due to overload depends
on the influence of the operating. conditions and the
detall design and construction. A precautionary remark
should be made, however, regarding any direct comparison
of fatlgue and slingle-gust llves; namely, the fatigue
life applies directly to individual alrplanes, whereas
the single-gust 1life 1s a value of probabllity applicable
to a conslderable number of alrplanes of the same type.
In other worda, before a fatligue fallure will occur the
Individual airplane must be flown for some length of time
but single-gust fallures may occur at any time in the 1life
of an alrplane.

It should be noted that the occurrence of a fatlgue
fallure 1in the primary structure does not necessarily
mean catastrophic fallure of the structure. Since fatlgue
fallures occur at polnts of high stress concentration and
may thus be locallzed, considerable statlic strength will
normally remain. Tf the crack caused by fatigue 1s
detected early, the defective part may be replaced and
the usaful life, greatly prolonged. The same opportunlty
does not exlst for correcting the effects of single
excesslve gusts except 1n the improbable case in which
the stress 1s carried far enough beyond the elastlic limit
to cause noticeable permanent set but not far enough to
cause complete fallure while in the alr.

CONCLUSIONS

In order to provide a basis for Judgling the relatlive
importance of wing fallure by fatigue and by single
intense gusts, an analysis of wing life for normal
crulsing flight was made based on data on the frequency
of atmospheric gusts. The independent varlables con-
sidered 1n the analysls included stress-concentration
factor, stress-load relatlon, wing loading, deslgn and
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crulsing speeds, design.guet-vedocity, and alrplane:size.
The results indicate that:

1. The fatigue 1life and single-gust 1life appear to
be of about equal importance; tke actual 1ife involving
elther fatigue or direct fallure due to overload depends
on the influence of the operating conditions and the
detall design and construction.

2. Occaslonal fallures of the overload type and
fatigue fallures wlth moderate values of stress-
concentration factor may be expected within the operating
1life of some exlisting alrplanes.

3. The trends in design toward higher wing loading,
reduced load factor, larger slze, and lncreased speed
appear to have a secondary effect on both the fatiguse
1life and the single-gust life.

li. The design allowable stresses used for a glven
material have an lmportant effect on the fatigue 1life of
a structure,and the trend to lncreased design allowable
strecsses and more effective utllization of a material
will lead to recduced fatigue life.

5. Fatlgue life 1s determlined primarily by detall
design and construction and is affected only to a sec-
ondary degres by normal changes in operating speed and
by moderate changes in deslgn gust veloclty.

6. Single-gust 1life is not aporeclably affected by
the detail design but is merkedly affected by operating
speed and by changes 1ln design gust veloclity.

Langley Memorial Aeronautical Laboratory
National Advlisory Committee for Aeronzutics
Langley Fleld, Va.
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